Abstract Purpose: Cognitive dysfunction is common in neuropsychiatric systemic lupus erythematosus (SLE). Memory is a commonly affected cognitive domain. Clinically, however, it is difficult to detect memory deficits. The objective of this study is to evaluate whether normal controls and SLE patients with and without memory deficit differ in terms of white-matter integrity. Methods: Twenty SLE patients with memory deficit were compared to 47 SLE patients without memory deficit and 22 sex-, age-, and education-matched control individuals. Diffusion tensor imaging (DTI) was performed in a 1.5-Tesla scanner. For tract-based spatial statistics analysis, a white-matter skeleton was created. A permutation-based inference with 5000 permutations with a threshold of p < 0.05 was used to identify abnormalities in fractional anisotropy (FA). The mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD) were also projected onto the mean FA skeleton. Results: Compared to controls, SLE patients with and without memory deficit had decreased FA in: bilateral anterior thalamic radiation, inferior fronto-occipital fasciculus, superior longitudinal fasciculus, uncinate fasciculus, corticospinal tract, genu, and body of the corpus callosum. SLE patients with and without memory deficit also presented increased MD and RD values compared to controls in these areas. Comparison between SLE patients with and without memory deficit did not present significant differences in DTI parameters. Conclusion: DTI can detect extensive abnormalities in the normal-appearing white matter of SLE patients with and without memory deficit, compared to controls. However, there was no difference, in terms of white-matter integrity, between the groups of SLE patients.
Introduction
Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that can involve the central nervous system (CNS). 1 Cognitive dysfunction is the most common neuropsychiatric SLE (NPSLE) symptom, 2 appearing in 21%-66% of patients. 3, 4 The American College of Rheumatology (ACR) nomenclature and case definitions for NPSLE syndromes describes cognitive impairment as a deterioration from a superior past level of functioning in at least one domain, such as memory, language (verbal fluency), attention, visualspatial processing, psychomotor speed, reasoning and problem-solving. 5, 6 Even in the absence of clinically evident neuropsychiatric symptoms, cognitive deficit has often been reported in SLE patients. 7 Previous studies have shown that memory deficit in SLE patients is associated with impairments in daily activities and reduced quality of life. 4, 8 Conventional magnetic resonance imaging (MRI) techniques reveal unspecific T2-hyperintense whitematter lesions, with varying degrees of cerebral atrophy, in SLE patients. 9, 10 Conventional MRI sequences, however, cannot evaluate the true extent of whitematter injury. 11 Diffusion tensor imaging (DTI) is a noninvasive MRI technique that reveals physiological parameters related to water-molecules diffusion in the CNS, especially in relation to white-matter tracts. This method measures the amount of anisotropy of water diffusion within tissues. Differences in water diffusion appear as contrast between normal and pathologic tissues. 12 Thus, this technique can aid in the early detection of changes and allow clinical interference to ensure the integrity of normal-appearing white matter. 13 Most previous studies with DTI showed a decrease in fractional anisotropy (FA) in the brains of SLE patients. [14] [15] [16] [17] [18] However, few studies have evaluated other diffusivity parameters in SLE patients. Generally, increased values of radial diffusivity (RD) and axial diffusivity (AD) are found compared to controls. Areas with RD and AD changes are usually larger than the areas with lower FA values in SLE patients. [19] [20] [21] [22] [23] Since cognitive deficit is an important symptom of NPSLE and memory is commonly affected, but neuropsychological evaluation is difficult to perform in daily practice, it would be interesting if neuroimaging could detect changes, secondary to that deficit, at an early stage. The current study aims to investigate the whitematter integrity of SLE patients with and without memory deficit, compared to healthy controls, using DTI, assessing all the DTI parameters. Our hypothesis is that DTI can detect abnormalities in the white matter integrity of SLE patients with memory deficits, when compared to SLE patients without this deficit and to healthy controls.
Materials and methods

Participants
This research was approved by the institutional review board and all the participants signed a written informed consent. The study had a cross-sectional design. Between October 2012 and December 2016, 80 patients with SLE, were selected from the rheumatology clinics of our university hospital. SLE patients were divided into two groups based on the presence or absence of memory deficit, assessed using the Rey Auditory Verbal Learning Test (RAVLT). All participants met four or more criteria from the 1997 update to the 1982 ACR revised criteria for SLE classification, 24, 25 with six months or more of disease, and were previously diagnosed by experienced rheumatologists. On the day of the MRI, all the participants with SLE had not used corticosteroids for a minimum of six months.
Forty healthy individuals were randomly recruited as controls, creating a database. All the participants underwent an MRI and neuropsychological tests. Exclusion criteria included patients unable to undergo MRI (e.g. patients with pacemakers), patients with cancer, chronic obstructive pulmonary disease, renal or hepatic insufficiency, substance abuse before SLE diagnosis, human immunodeficiency virus-positive patients, those with significant abnormal brain findings on conventional MRI, patients with drug-induced SLE and patients who satisfied ACR criteria for other connective tissue disease.
Subsequently, the following groups were formed: SLE patients with memory deficit, SLE patients without memory deficits and controls without memory deficit. Eight SLE patients were excluded because of MRI alterations secondary to previous neurological diseases, detected by the MRI, and five controls were excluded because of the presence of extensive white-matter lesions and subclinical lacunar infarcts on conventional fluid-attenuation inversion recovery (FLAIR) images. Then, to form the three groups matched by sex, age, Mean Mini-Mental State Examination scores, years of education and Beck Depression Inventory, another five SLE patients and 13 controls were excluded.
The SLE with memory deficit group included 20 patients (two men and 18 women). The SLE without memory deficit group included 47 participants (one man and 46 women). The control group included 22 healthy volunteers (four men and 18 women), with no history of neurological or psychiatric illness ( Table 1) .
The three groups were matched for sex, age, Mean Mini-Mental State Examination scores, years of education and Beck Depression Inventory. Also, the SLEpatients groups were matched for years from the SLE diagnosis (Table 1) . Years of education were considered as the number of years that the individual attended school and/or college, excluding years of repetition.
Controls and SLE patients had normal conventional MRI or only mild nonspecific hyperintense foci in frontal and parietal white matter. There were no significant differences in conventional FLAIR between groups.
The matching of the groups was performed using the software Statistical Package for the Social Sciences (SPSS), IBM, and the statistical tests used were: analysis of variance (ANOVA) with post-hoc Bonferroni, chi-square tests and t test for equality of means, as indicated in Table 1 .
Neuropsychological assessment
Memory cognitive score was calculated based on RAVLT score, transformed to Z score (patient score minus normative mean divided by normative standard deviation). RAVLT is an oral verbal learning test that is administered using a 15-item list comprising five learning trials (A1, A2, A3, A4 and A5), two interference trials (B1 and A6), and a test of delayed recall (A7). Participants were classified as impaired if they presented impairment (Z scores 1.5) in the composite score (mean value of proactive interference index B1/ A1, retroactive interference index (A6/A5), learning and delayed recall) or in two or more test variables. Adaptation, verification, and regulating studies of RAVLT for the Brazilian population were previously published. 26 We matched the groups based on other cognitive domains, as recommended by the ACR for the diagnosis of cognitive deficit in SLE patients, 5 to prevent confounding of our results by deficits in other cognitive functions. Table 2 shows the neuropsychological tests used, as well as the considered variables for each cognitive domain. There were no significant differences in the mean Z scores of cognitive dimensions performances across the groups, except in memory, as shown in Table 3 (statistical test used: ANOVA with post-hoc Bonferroni, in the software SPSS, IBM). All neuropsychological tests were performed by one neuropsychologist trained in cognitive evaluation, with 10 years of experience (N.Z.).
MRI acquisition
All MRI scans were performed on a Siemens Avanto 1.5-T scanner (Erlangen, Germany) using an eightchannel phased-array head coil. The protocol included: axial single-shot echo-planar DTI, acquired using bipolar diffusion gradients applied along 30 noncollinear 
Postprocessing of DTI data and statistical analysis
Diffusion data were analyzed using FMRIB's Diffusion Toolbox, within FSL 5.0, for the voxel-wise diffusion modeling. 27 First, eddy-current correction and brain extraction were performed. After, the FA images were created by fitting a tensor model onto the raw diffusion data for all participants. Tract-Based Spatial Statistics (TBSS) was used to carry out the voxelwise statistical analysis of the FA data. 28 All participants' FA data were aligned in a common space using the nonlinear registration tool FNIRT, which uses a b-spline representation of the registration warp field. Later, the mean FA image was thinned to create a mean FA skeleton, representing the center of all white-matter tracts. The FA threshold was ! 0.30 to exclude the peripheral tracts with significant intersubject variability and/or partial volume effects with gray matter. Then, aligned FA data for each individual were projected onto that skeleton and the results were fed into voxelwise crosssubject statistics for all voxels. The mean diffusivity (MD), RD and AD were projected onto the mean FA skeleton by applying the original nonlinear registration of all participants' FA to standard space.
Statistical voxelwise analysis was performed by using permutation-based inference (5000 permutations) for all diffusion parameters, corrected for multiple comparisons, with a threshold-free cluster enhancement (TFCE) and statistical significance level of p < 0.05. Corrected TFCE p value images were computed to enable identification of differences in DTI parameters between groups: (1) SLE patients with memory deficit vs control individuals, (2) SLE patients with memory deficit vs SLE patients without memory deficit, and (3) SLE patients without memory deficit vs controls. The Johns Hopkins University white-matter tractography atlas and the International Consortium for Brain Mapping DTI-81 white-matter atlas were used to identify the white-matter tracts. In addition, we compared the mean FA values of the white-matter tracts considered by TBSS between the three groups. Normality of mean FA tracts values distributions was tested using the Kolmogorov-Smirnov test. Differences in the mean white-matter tracts' FA values were tested using Student t tests for independent samples (significance at p < 0.05) when the distribution was normal and Mann-Whitney test (significance at p < 0.05) when the distribution was not normal.
Results
SLE patients with memory deficit vs controls
SLE patients with memory deficit had significantly decreased FA (p < 0.05) in extensive areas of the brain compared to controls: corpus callosum, bilateral inferior longitudinal fasciculus, bilateral anterior corona radiata, bilateral inferior fronto-occipital fasciculus, bilateral posterior thalamic radiation, bilateral cerebral peduncle, bilateral external capsule, right superior longitudinal fasciculus, right posterior limb of the internal capsule, right superior corona radiata, left uncinate fasciculus and left anterior limb of the internal capsule (Tables 4 and 5 ). In the voxelwisebased group comparison based on the white-matter labels atlases compared with control individuals, SLE patients with memory deficit had significantly decreased FA in some voxels that comprise the white-matter tracts described above, as well as right anterior limb of the internal capsule, right uncinate fasciculus, left posterior limb of the internal capsule, left superior longitudinal fasciculus and bilateral corticospinal tract ( Figure 1 ). Mean MD and RD values of SLE patients with memory deficit were increased in voxels that largely overlapped with those displaying reduced FA values, compared to controls (Figure 1 ). No significant differences in mean AD values were observed when comparing SLE patients with memory deficit to controls.
SLE patients with memory deficit vs SLE patients without memory deficit
There were no significant differences in the DTI parameters of white-matter tracts of SLE patients with memory deficit compared to SLE patients without memory deficit.
SLE patients without memory deficit vs controls
SLE patients without memory deficit had significantly decreased FA (p < 0.05) in the corpus callosum, bilateral inferior longitudinal fasciculus, bilateral inferior fronto-occipital fasciculus, bilateral cerebral peduncle, bilateral external capsule, right anterior corona radiata, right corticospinal tract, right superior longitudinal fasciculus, right posterior thalamic radiation, right posterior limb of the internal capsule and left anterior limb of the internal capsule (Tables 4 and 5 ). Similar to the comparison between SLE patients with memory deficit vs controls, in the voxelwisebased group comparison SLE patients without memory deficit had decreased FA values, compared to healthy controls, in some voxels that comprise the white-matter tracts described above, as well as bilateral uncinate fasciculus, left posterior thalamic radiation, left anterior corona radiata, right superior corona radiata, right anterior limb of the internal capsule, left posterior limb of the internal capsule, left superior longitudinal fasciculus and corticospinal tracts (Figure 2 ).
The voxels with lower FA mean values in SLE patients without memory deficit also presented increased MD and RD values in this comparison (Figure 2) . No significant differences in AD values were seen when SLE patients without memory deficit were compared to controls.
Discussion
We used TBSS to evaluate DTI of all white-matter tracts in SLE patients with and without memory deficit and control individuals. Our results showed extensive areas with significantly reduced FA and increased RD and MD values in SLE patients with memory deficit compared to controls and also between SLE patients without memory and controls. However, we found no differences in FA, MD, or RD values in SLE patients with vs without memory deficit.
Previous studies have related white-matter lesions seen on conventional MRI and DTI to memory deficits in other diseases, such as Alzheimer disease, vascular dementia and cerebral small vessel disease. 29, 30 Voxelwise analyses of DTI have demonstrated areas within the damaged white matter that correlate with deficits of memory. 31 The most common neuropsychological syndrome in SLE patients is cognitive deficit. 2, 4 Memory is one of the most commonly affected cognitive domains. 8 Memory deficit, poor concentration and difficulty in carrying out mental tasks are frequent symptoms among SLE patients. 32, 33 Paran et al. 4 found that SLE patients have memory deficit associated with inefficient learning strategies, reflected by impaired learning curve, repeated omissions and impaired retrieval, resembling the pattern observed in patients with frontal lobe damage. 34 Therefore, although memory is strongly associated with cortical structures such as the hippocampus, amygdala and cingulum, it is important to study the white matter in SLE patients with memory deficit for a better comprehension of its pathophysiology and to ameliorate the quality of life of these patients. In the current study, we found diffuse changes in DTI parameters in SLE patients with or without memory deficit compared to controls, without predominance in a particular region of the brain. Furthermore, SLE patients with memory deficit did not differ from those without this deficit. This result may be due to the systemic nature of the disease, which has a complex and multifactorial pathophysiology, including immunemediated, neuronal and vascular injury, with consequential reactive inflammation, demyelination and axonal dysfunction affecting the entire CNS, even in a subclinical manner. 35, 36 Postmortem histopathological studies have revealed brain lesions induced by multifocal infarcts, hemorrhages, demyelination and cortical atrophy that appear diffusely in the brains of SLE patients. However, the underlying pathophysiology of NPSLE is still not fully understood. 3 Previous authors found lower FA values in SLE patients in the cingulum, 18 fornix, inferior fronto-occipital fasciculus, internal capsule and uncinate fasciculus, compared to controls.
14 Other studies showed correlations between decreased FA in the right external capsule in non-NPSLE patients, and in the right superior longitudinal fasciculus and left anterior thalamic radiation in NPSLE patients, with lower cognitive performance. 16 In contrast to these previous studies, we considered all diffusivity parameters, finding extensive FA decreases as well as increased RD and MD values in SLE patients. We did not categorize patients as NPSLE vs non-NPSLE but rather considered a specific cognitive domain to match the groups. We did not find significant differences in DTI measurements between SLE patients with vs without memory deficit. This finding may reflect the heterogeneity and diffuse pathophysiology of SLE, a disease affecting the entire CNS without preference for specific areas, 3, 35 making it difficult to differentiate the SLE groups using the parameters evaluated. Thus, SLE patients presented large regions with diffusivity parameter changes in the white matter and not only in memory-related regions. Figure 1 , the diffusivity changes in the brains of SLE patients without memory deficit occurred in similar areas of the diffusivity changes in SLE patients with memory deficit, compared to the control group.
In addition, memory-related structures, such as the hippocampus, have connections with multiple brain areas, through white-matter tracts, including the prefrontal cortex. 36 Regions such as the inferior parietal lobe participate in memory processes. 37 This may explain why we found large areas with diffusivity parameter alterations in the white matter of SLE patients with memory deficits.
Recent studies evaluating all diffusivity parameters found areas of increased AD and RD values that were more extensive than those reported to have reduced FA values in SLE patients. [19] [20] [21] [22] [23] Ercan et al. 20 found increased RD values in a higher percentage of voxels than the percentage of voxels with decreased FA in NPSLE patients compared to non-NPSLE and control individuals. Jung et al. 19 found reduced FA values in the corona radiata, superior longitudinal fasciculus and corpus callosum of NPSLE compared to non-NPSLE patients and controls. The authors also observed similar areas with increased RD and AD values, including the body of the corpus callosum, left arm of the forceps major and left anterior corona radiata. 19 Zivadinov et al. 21 found higher values of MD, RD and AD in the normal-appearing white matter of NPSLE patients compared to controls, but did not study FA. Cesar et al. 22 found extensive differences in RD, AD and MD values, but no differences in FA values in NPSLE patients compared to controls. Other authors found significant overlap of areas with increased AD and RD means in comprehensive brain areas of SLE patients, which were more extensive than the areas with decreased FA values. 23 One possible explanation for these findings is that FA measurement lacks sensitivity when diffusion varies proportionally in all three eigenvectors directions of the diffusion tensor. 38 However, in the present study, SLE patients with and without memory deficit presented lower FA values extensively throughout the brain and increased RD values in very similar areas, with no difference in AD values. Traditionally, demyelination has been considered to result in FA decreases that are related to increased RD and stable AD values. 39 Therefore, despite the heterogeneity of SLE pathophysiology, we hypothesize that the results obtained in the present study may have occurred because the SLE participants were at a stage of disease during which demyelination could have a prominent role in the brain damage compared to other neurobiological processes.
Our study had some limitations, such as the absence of a detailed pharmacologic history (e.g. immunosuppression). We did not evaluate the effects of the presence of antiphospholipid syndrome on DTI parameters. We also did not compare non-NPSLE and NPSLE patients. However, we studied a specific aspect of cognitive function and we matched the groups for sex, age, education, Mini-Mental State Examination, years of SLE diagnosis and Beck Depression Inventory scores among the groups. The only difference among the groups was memory deficit, and the current study provided interesting results related to white-matter integrity of SLE patients.
In conclusion, DTI demonstrated alterations in FA and RD values, in extensive and coincidental areas in the brains of SLE patients with and without memory deficit, compared to controls. However, the study revealed no difference in DTI parameters between SLE patients with vs without memory deficit and could not differentiate the patients with memory deficits from those without this deficit. This could have happened because the patients were at a stage of disease in which demyelination had a prominent role in the pathophysiology.
